Abstract: Cell metabolism and viability are directly reflected in their mitochondria. Imagingbased analysis of mitochondrial morphological structure, size and dynamic characteristics can therefore provide critical insight into cell function. However, mitochondria are often very abundant, and due to their close to diffraction-limit size, it is often non-trivial to distinguish a tubular or large mitochondrion from an ensemble of punctate mitochondria. In this paper, we use membrane potential dependent fluorescence fluctuations of individual mitochondria to resolve them using an approach similar to single molecule localization microscopy. We use 2-photon microscopy to image mitochondrial intensity fluctuations at 200 μm deep inside an intact in-vivo mouse soleus muscle. By analyzing the acquired images, we can reconstruct images with an extra layer of information about individual mitochondria, separated from their ensemble. Our analysis shows a factor of 14 improvement in detection of mitochondria.
Introduction
Mitochondria are organelles that provide energy for the cell, and have a regulatory role for cellular metabolism. Mitochondrial dynamics are of central importance in cell processes that occur during development [1] , throughout the brain and nervous system [2, 3] , in therapeutic stem cells [4] , and during muscle function [5] . During a cell's life cycle mitochondria move along microtubules and actin filaments, and go through processes such as fission and fusion at various speeds depending on their environment, cell health and differentiation [6] [7] [8] . Therefore, their morphology, structure, geometrical shape, tubularity, size, abundance and dynamic features such as speed and rate of fission and fusion ( Fig. 1) , can be used as indicators of the health and metabolism of a cell or tissue [1, 7, 9] .
In recent years, optical fluorescent super-resolution microscopy of mitochondria [10-12] has enabled visualizing interactions within their highly dynamic and regulated networks and processes. These methods include 3D structured illumination microscopy (SIM) with a 120 nm lateral and 360 nm axial resolution [12] , TIRF-SIM [13] , and 2D stochastic optical reconstruction microscopy (STORM) with 40 nm lateral resolution [10] in living cells, and in vitro [11] . One challenge in imaging mitochondria is their sub-diffraction-limit size (200~500 nm) and their abundance in the cytoskeleton [8, 14, 15] . They often exist in groups of multiple mitochondria in contiguous layers and close proximity, which makes it non-trivial to distinguish a tubular mitochondrion from an ensemble of punctate mitochondria.
Super-resolution techniques can overcome this challenge; but constraints such as the large number of frames required to produce a high resolution (laterally and axially) image reduce their utility in the fast-evolving dynamic environment of the cell. Recently, a method that uses natural fluorescence fluctuations of mitochondria has emerged called fluctuation assisted localization microscopy (FaLM) [16] , which can be exploited for simple and rapid analysis of these sub-diffraction sized closely positioned mitochondria. The method uses principles similar to single molecule localization microscopy [10, 11] , and SOFI [17] , to enhance the resolving power. FaLM requires a series of images taken with sub-diffraction-limit pixel size from a sample that is fluorescently labeled with a membrane potential sensitive probe such as Tetramethylrhodamine ethyl/methyl ester (TMRE/TMRM), Rhodamine 123 [18] . The FaLM technique has been applied to intact samples using single photon excitation fluorescence microscopy. To understand mitochondrial dynamics in vivo, it is important to determine applicability of the method to cell organelles located at deeper planes within a tissue. The main challenge here is that biological tissues are scattering, and therefore single photon microscopy past the mean-free-path becomes dominated by optical aberrations and loses resolution and accuracy. One solution to this problem is exploiting longer wavelength excitation light of multi-photon microscopy, to benefit from its longer penetration depth, with lower deviation from diffraction-limited resolution [19] . In this paper we present FaLM using 2-photon excitation (2p-FaLM), which has intrinsic optical sectioning and uses long meanfree path near-infrared or infrared light. We first applied this technique to an in vitro monolayer of living mesenchymal stem cells (MSCs), by staining the cells with TMRE and imaging at video rate. We then imaged at 200µm depth from the surface into an in vivo mouse soleus muscle. The soleus muscle is a posterior crural muscle located in the mouse hindlimb that contributes to plantar flexion torque about the ankle joint. The soleus muscle is a mitochondria-rich slow-twitch, oxidative tissue that primarily uses oxidative phosphorylation to generate adenosine triphosphate (ATP). We tested the effect of the uncoupling agent carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) on the intensity fluctuation rate and duty cycle. We found that mitochondrial flickering occurs under normal physiological conditions, which suggests the potential of mitochondrial flickering for deeptissue in vivo imaging of cell function and health.
Membrane potential fluctuations response to physiological condition
During resting state, mitochondria maintain an unequal distribution of ions across the inner mitochondrial membrane. Hydrogen ions are moved from the mitochondrial matrix to the inner membrane space as electrons are passed along the respiratory electron transport chain and this creates an electrochemical gradient (i.e., mitochondrial membrane potential (Δφ m )) harnessed by the F 1 /F 0 ATPase to produce ATP. The parameters involved in this process are the proton force Δp (mV), the mitochondrial membrane potential Δφ m , and the mitochondrial pH gradient ΔpH m [20] , which are related by 60 21, 22] . Using fluorescent probes that are sensitive to membrane potential Δφ m enables direct measurement of these exchanges. Fluorescent lipophilic cationic dyes such as the TMRE used in this study have been shown to be effective for this purpose; their advantages and disadvantages are discussed in [20, 22] . Although the fluorescence intensity of the mitochondria fluctuates in normal physiological conditions (Fig. 2 ), the equation above shows that because the membrane potential is proportional to the difference in the pH, agents such as FCCP, ADP, or oligomycin can be used to induce or inhibit ionic transfer, thereby increasing the rate of membrane potential fluctuation and resultant flickering of fluorescence signal. 
Materials and methods

Sample conditioning
Wild-type mouse Mesenchymal stem cells (MSCs) were grown on a 35mm Petri dish under standard culture conditions. 20-30 minutes before imaging cells were incubated in 50 nM TMRE in Tyrod's buffer (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 0.2 mM NaH 2 PO 4 , 12 mM NaHCO 3 , 5.5 mM Glucose, pH adjusted to 7.4, and filtered through 0.22 µm syringe filter) at 37° C. For imaging, the petri dish was warmed to 37° C.
Muscle sample preparation
The soleus muscle was extracted from a C57BL/6 mouse 1 hour before imaging. We permeabilized the muscle in buffer 1 containing (7.23 mM K 2 EGTA, 2.77 mM CaK 2 EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 14.3 mM PCr, 6.56 mM MgCl 2 -6H 2 O, 50 mM MES, 100 µg/ml Saponin) for 30 minutes at 4° C. The muscle was then incubated with 50 nM TMRE in a buffer 2 (105 mM MES, 30 mM KCl, 10 mM KH 2 PO 4 , 5 mM MgCl 2 -6H 2 O, 0.5 mg/mL BSA, 0.5 M EGTA), for 15 minutes at 4° C. Following incubation with TMRE, the soleus was rinsed in buffer 2 for 15 minutes. The soleus was then removed and glued at proximal and distal tendons to a petri dish. For imaging, the soleus was submerged in buffer 2 and the following substrates were added to stimulate mitochondrial respiration: glutamate (10 mM), malate (5 mM), ADP (2.5 mM). To increase the rate of fluctuations, FCCP (1µM) was added. Animal experiments were done in accordance with UGA IACUC.
Image reconstruction
We acquired a series of images at a rate appropriate to the condition of blinking, using our 2-photon microscope as explained in [23] . To correct for the observed small amounts of lateral sample movement, we used translation rigid registration. The motion-corrected images were de-noised by Fourier filtering using a circular mask with radius of 2NA/λ, where NA is the numerical aperture of the system, and λ is the wavelength of excitation light. We then subtracted the stack average from individual frames, and calculated the absolute value. This process gives contrast to the mitochondrial intensity fluctuations, and removes static features. We thresholded the images at 20% of the maximum to remove unwanted noise, and applied a temporally encoded coloring scheme to produce spatially resolved images.
For counting of mitochondria in the conventional 2-photon images, we thresholded the image using Otsu's method, and used ImageJ's Analyze Particle module to measure the area and number of mitochondria. In the case of FaLM images, the measurement was done on the color-coded time-series. We consistently used Otsu's method for all thresholdings. Cross sections on the color-coded images are made on their grayscale conversions. 
Results and discussion
We first imaged cultured mesenchymal stem cells at 15 frames per second (fps) in the standard physiological buffer. We acquired 3000 images and averaged every 15 frames to improve the signal to noise ratio (SNR), and observe fluctuations in intensity. The averaged image and the reconstructed images are shown in Fig. 3(a), 3(b) . With closer inspection (Fig.  3(c) ), many mitochondria are resolved from their larger assemblies in the reconstructed images ( Fig. 3(g) ). We compared the mitochondria area distribution between the original image ( Fig. 3(a) ) and the FaLM image (Fig. 3(b) ), and found a factor of 13 improvement in the number of small mitochondria (Fig. 3(d), 3(e) ), and a factor of 14 in the total number of mitochondria ( Fig. 3(f) ).
The next sample we imaged was mouse soleus muscle. For this sample, we applied FCCP and observed fluctuations at a much faster rate. Therefore, we increased the rate of imaging to 57 fps, and averaged every 10 frames. The muscle contracts in response to the FCCP, so motion artifact became a limiting factor. We therefore could only use a fraction of images from each acquisition. For the reconstruction of Fig. 4 we used 800 images (before averaging). Comparing the boxed areas in Fig. 4(a), 4(b) , we can see 6 individual mitochondria that were blurred into a single spot in the conventional 2-photon image. By comparing the distribution of mitochondria area from the original image (Fig. 4(a) ) and the FaLM image (Fig. 4(b) ), we find a factor of 2.3 increase in the number of smaller mitochondria (Fig. 4(e) , 4(f)), and a factor of 2 increase in the total number of detected mitochondria (Fig. 4(g) ). The improvement in resolving of mitochondria is shown by cross sections in Fig. 4(h) . The improvement is not as dramatic as for the monolayer of cells, which could be due to the more densely packed cells and the tissue scattering and aberration in thick muscle tissue.
In conclusion, we showed improvement in the mitochondrial resolving power of the 2-photon microscope. Features that were not previously discernable were made visible with short imaging times (~14 sec). The demonstrated algorithm is not computationally expensive, and can easily be applied. We also showed that although mitochondrial decoupling expedites imaging separation of mitochondria, it is not critical. Therefore, deep tissue 2-photon imaging of mitochondrial fluctuations under physiological conditions is a viable strategy to monitor cell metabolic processes in vivo. This analysis can be used for studies of mitochondria involving measurement of other parameters such as oxygen consumption, and electron donor analysis, in areas of neuroscience [24] , stem cell biology [25] , or skeletal muscle biology [19] .
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